Introduction
Filoviruses are enveloped, negative-sense RNA viruses most notable for their ability to cause severe, often lethal, infections in humans. Filoviruses are zoonotic pathogens that are likely use bats as reservoir hosts (Negredo et al., 2011; Towner et al., 2007) . Infection in humans frequently results in filoviral hemorrhagic fever (FHF), a syndrome typically associated with an abrupt onset of fever, myalgias, headache, and gastrointestinal symptoms (reviewed in Kortepeter et al., 2011) . A rash and changes in coagulation are common; bleeding is also frequently seen but is not a universal manifestation. Fatal outcomes correlate with increasing viremia over time and are associated with shock and disseminated intravascular coagulation (Geisbert and Hensley, 2004) . Zoonotic pathogens, filoviruses have caused a number of outbreaks, some of which have been associated with fatality rates approaching 90 percent in confirmed cases . It is this lethality that makes filoviruses of concern as emerging pathogens and as potential bioweapons.
The filoviruses have been classified into two genera, the ebolaviruses and marburgviruses. Several species of EBOV have been identified, including Zaire Ebola virus (EBOV), Sudan virus (SUDV), Tai Forest (formerly Ivory Coast) virus (TAFV), Bundibugyo virus (BDBV) and Reston virus (RESTV). Only one species of MARV has been identified, although this is classified into two clades represented by Marburg virus (MARV) and Ravn virus (RAVV). A new filovirus, Lloviu virus (LLOV) has also been detected in bats and has been suggested to represent a new filovirus genus (Kuhn et al., 2010; Negredo et al., 2011) . Among these viruses, there is variability in terms of virulence typically displayed in humans or animal models. Most notably, Reston virus has never caused a documented human death, despite confirmed exposures (http:// www.who.int/mediacentre/factsheets/fs103/en/).
Fatal filovirus disease, which has been best studied in the context of Zaire EBOV infection, is characterized by a failure of the infected host to clear the infection, excessive host inflammation, activation of coagulation cascades and lymphocyte apoptosis (reviewed in Bray, 2005; Geisbert and Hensley, 2004) . To develop effective countermeasures, a greater understanding is needed as to how these viruses trigger inflammatory responses and modulate both innate and adaptive immune responses such that virus infection is not controlled. This review will focus upon interactions of filoviruses with antigen-presenting cells (APCs), particularly macrophages and dendritic cells (DCs). These cells typically play central roles in the detection of invading pathogens and in the promotion of innate and adaptive immune responses. As is detailed below, macrophages and DCs are targets of filovirus infection in vivo. Their susceptibility and characteristic responses to infection have led to the proposals that these cell types play central roles in filoviral pathogenesis (Bray and Geisbert, 2005; Schnittler and Feldmann, 1998) . However, many aspects of filovirus-APC interactions require additional study, and the contributions of specific APC cell types to viral pathogenesis remain incompletely defined.
Antigen-presenting cells
APCs are found throughout the body and serve as sentinels. They continuously sample the host environment for the presence of pathogens and present antigens to promote either tolerance or the induction of an adaptive immune response.
Phagocytic mononuclear cells (PMCs), also found throughout the body, can function as APCs, and these cells can be infected by filoviruses. Pathology tissue sections from EBOV-infected humans and non-human primates have consistently identified PMCs staining positive for EBOV antigen/nucleic acid (Connolly et al., 1999; Davis et al., 1997; Geisbert et al., 2003b Geisbert et al., ,c, 1992 Gibb et al., 2001; Ryabchikova et al., 1999; Wyers et al., 1999; Zaki et al., 1999) . EBOV-infectable APCs (Table 1) can be broadly divided into three main types: monocytes, macrophages and DCs, each of which can be further subdivided. For example, DCs can be classified as conventional and plasmacytoid DCs (cDCs and pDCs). The criteria used to define monocytes, macrophages and DCs are in constant evolution (Randolph et al., 2008; Steinman and Idoyaga, 2010a,b) and although various markers for PMCs have been identified, there is considerable overlap, in most, if not all of the markers used to identify each PMC subtype (Ferenbach and Hughes, 2008; Hume, 2008) . However, typically, monocytes are identified as CD14+ blood-borne mononuclear cells (Gautier et al., 2009a ) that can present antigen and also, especially under inflammatory conditions, enter tissues to differentiate into macrophages or dendritic cells (Geissmann et al., 2010; Randolph et al., 2008) . Macrophages are considered highly phagocytic, contain a large number of lysosomes and vacuoles important for breaking down ingested antigens, are found mostly in tissues and can express cell surface CD14 as well as other receptors involved in phagocytosis (Table 1 ) (Geissmann et al. 2010; Steinman, 2011) . On the other hand, cDCs express a large number of MHC II molecules, are considered relatively less phagocytic, but are highly stimulatory for T cells and can express several accessory and phagocytic receptors which are typically used to identify them. pDCs express the surface marker CD123, but not CD14, and when stimulated secrete copious amounts of type I interferon (see Table 1 ) (Colonna et al., 2004) .
The extent to which filovirus infection affects APC function has been a major area of interest. As part of their surveillance function, DCs and macrophages play a scavenger role by eliminating antigens such as unwanted dysfunctional cells. These innocuous antigens are then presented by the scavenger APC to induce specific T cell tolerance to that antigen. Potential pathogens are identified by APCs via cell-encoded pattern recognition receptors (PRRs) of the Toll-like receptor (TLR), RIG-I-like receptor and NOD-like receptor families (Baum and Garcia-Sastre, 2010; Janeway and Medzhitov, 2002; Medzhitov et al., 1997) . For example, TLR3 and RIG-I can respond to products of virus replication, such as dsRNA and 5 0 -triphosphate containing RNAs, respectively. This engagement of APC PRRs leads to their activation. When activated by inflammatory signals such as those induced from inflammatory cytokine receptors or PRRs, macrophages and DCs differentiate into immune effectors with somewhat different roles. In general, both cell types secrete inflammatory cytokines further increasing the inflammatory response, but macrophages become better at killing endocytosed pathogens, while DCs become potent stimulators of the adaptive immune responses such as CD8 killer T cell responses (Doherty and Zinkernagel, 1975) .
Viruses and virus-like particles
Because of their extreme lethality, filoviruses require biosafety level 4 (BSL4) containment, hampering the study of live viruses. Virus-like particles (VLPs) can be generated experimentally and can serve as surrogates for replication competent viruses, allowing the study of several aspects of the virus replication cycle, including virus assembly, release and entry into target cells. In their most basic form, filoviral VLPs can be generated by the expression in mammalian cells of the filoviral matrix protein VP40. VP40 expressed in this manner buds from the plasma membrane in the form of filamentous membrane-bound virus-like particles (VLPs) (Bavari et al., 2002; Jasenosky et al., 2001; Noda et al., 2002; Swenson et al., 2004; Watanabe et al., 2004) . Co-expression of the filoviral membrane-associated glycoprotein (GP) results in incorporation of GP into the VLPs, enhances budding of VP40 and increases VLP formation (Bavari et al., 2002) .
VLPs that contain only VP40 do not readily infect cells, because they lack the viral attachment protein, GP. However, VLPs possessing both VP40 and GP can bind to and infect permissive cells, including macrophages and DCs . VLPs can therefore be used to model the earliest interactions between filoviruses and host cells. Filovirus VLPs have been found to elicit APC responses and also have proven effective as vaccines in animal models. VLPs can also elicit, when given only 1-3 days prior to infection with mouse-adapted EBOV, natural killer cell responses that protect mice from lethal challenge (reviewed in Warfield and Aman, 2011) . Therefore, the specific interaction of filoviral VLPs with APCs has been of interest and will be discussed alongside interactions of replication-competent filoviruses in this review.
Macrophages and DCs are targets of filovirus infection in vivo
As indicated above, in vivo filovirus infection of macrophages has been demonstrated in a number of studies that have examined post-mortem tissues from human victims or tissues from experimentally-infected rodents and non-human primates (Connolly et al., 1999; Davis et al., 1997; Geisbert et al., 2003b,c; Geisbert et al., 1992; Gibb et al., 2001; Ryabchikova et al., 1999; Wyers et al., 1999; Zaki et al., 1999) (Table 1) . Of course, as has been noted by other authors, the presence of viral antigen or nucleic acid in cells does not necessarily indicate that the cells are productively infected such that they produce new infectious virus particles (Bradfute and Bavari, 2011) . It should be possible to resolve this gap in knowledge; for example, one could isolate infected macrophages and DCs from infected animals and incubate the cells ex vivo to determine whether they produce new infectious virus. Even lacking this information, the prominence of macrophage infection in vivo and the ability of these cells to support virus replication in vitro (discussed below), clearly justifies studies to characterize in detail macrophage-filovirus infection. Similarly, in the case of DCs, while infection has been demonstrated in experimentally infected NHPs (Geisbert et al., 2003b) , additional studies are needed to define the frequency of DC infection and the impact of infection on DC function in vivo.
Productive replication of filoviruses in macrophages and conventional DCs
Substantial data indicate that macrophages and conventional DCs support the productive replication of filoviruses. For example, Feldmann et al. isolated adherent cells from human PBMCs and grew these for 7 days until they acquired a macrophage-like morphology. These cells, which stained positively with anti-CD14 antibody, were productively infected by MARV, and the infection stimulated TNFa release from these cells (Feldmann et al., 1996) .
A separate study supports the view that adherent macrophages are productively infected by multiple different filoviruses, including MARV, ZEBOV and REBOV (Stroher et al., 2001) . Interestingly, the same study found that freshly isolated non-adherent monocytes were also productively infected (Stroher et al., 2001) . This observation contrasts with other studies, described below, indicating that monocytes are relatively resistant to EBOV entry. In the study by Stroher et al., infections were performed at high multiplicity (MOI = 10), and the monocytes were washed after infection. On day 2 post-infection, significant viral antigen was detected in the cells and productive virus replication was demonstrated with kinetics of growth similar in both macrophages and monocytes, supporting the view that monocytes are infectable (Stroher et al., 2001) . Previous studies have demonstrated that plated monocytes can slowly and spontaneously differentiate into macrophages in culture (Bennett and Cohn, 1966; Johnson et al., 1977; Zuckerman et al., 1979) . Monocyte infection by filoviruses might also accelerate differentiation towards a macrophage phenotype, for example by triggering the secretion of inflammatory cytokines. However, the inoculum in the former study was washed from the cells. Given the somewhat contradictory state of the literature on infection of monocytes and the prominent role of APCs during infection, it would be worth revisiting whether or not monocytes are less permissive for filovirus infection than other APCs.
The permissiveness of primary human monocyte-derived DCs for EBOV infection in vitro has now been demonstrated in several studies Mahanty et al., 2003; Martinez et al., 2010) . Interestingly, the infected cells exhibited relatively little cell death over six days of infection (Mahanty et al., 2003) . This sustained ability to survive while infected could offer the virus opportunities to disseminate in vivo.
An interesting question is whether the efficiency of infection or replication within APCs or other cell types by a particular filovirus is related to the capacity of that virus to cause lethal disease. Different filoviruses can exhibit significant differences in their relative replication rates in cell culture. For example, RESTV, which appears to be attenuated for humans, exhibits delayed replication kinetics in Vero cells as compared to EBOV. BEBOV, which has been associated with lower lethality in humans, replicates productively in primary human macrophages (Gupta et al., 2010) . However, relative to EBOV, BDBV replicated more slowly, induced lower levels of cytokines and induced less apoptosis. In mice or guinea pigs, EBOV is not lethal unless it possesses adaptive genetic changes that can be acquired by serial passage in this species (Bray et al., 1999; Ebihara et al., 2006) . These adaptive changes confer enhanced ability of these viruses to replicate in the macrophages of the appropriate species (mouse or guinea pig) (Ebihara et al., 2005; Mateo et al., 2011) . It would therefore be of interest to systematically examine in the macrophages and DCs of human or non-human primate origin replication rates of filoviruses with different virulence potentials.
It should be noted that not all DCs are readily infected by filoviruses. In one interesting example, plasmacytoid DCs, purified from human blood were not readily infected by ZEBOV and western blotting with polyclonal anti-EBOV sera did not detect viral protein expression (Leung et al., 2011a) . In contrast, the same sera readily detected viral antigen in monocyte-derived DCs infected with ZEB-OV. As noted earlier, the relative permissiveness of monocytes for filovirus entry has also been questioned.
Filovirus entry into APCs
One aspect of virus-host interactions that appears to contribute to tropism toward specific types of APCs is the viral entry process. A general view of filoviral entry has been developed. Briefly, filovirus entry is mediated by the viral surface glycoprotein (GP) (Bar et al., 2006) , a type I transmembrane protein cleaved by furin proteases into GP1 and GP2 subunits (Neumann et al., 2002 (Neumann et al., , 2007 Volchkov et al., 1998; Wool-Lewis and Bates, 1999) . An N-terminal region of GP1 (residues 57-149) has been defined as a receptorbinding domain (Dube et al., 2009; Kaletsky et al., 2007; Kuhn et al., 2006; Lee and Saphire, 2009) , while GP2 contains the hydrophobic fusion peptide and heptad repeats that mediate viral membrane fusion (Ito et al., 1999; Watanabe et al., 2000; Weissenhorn et al., 1998) . Both subunits contain multiple N-linked glycans, and the C-terminal mucin-like domain in GP1 is extensively modified with O-linked glycans.
Following attachment to host cells, EBOV particles undergo endocytosis (Bar et al., 2006) . Although different endocytic pathway(s) have been implicated in EBOV entry, including entry via clathrin-coated pits and caveolae, recent studies support macropinocytosis as important for filovirus entry (Bhattacharyya et al., 2010; Chandran et al., 2005; Empig and Goldsmith, 2002; Mulherkar et al., 2011; Nanbo et al., 2010; Saeed et al., 2010) . Internalized virus eventually localizes to acidified endosomes containing activated cysteine protease cathepsins L (Cat L) and B (Cat B) (Aleksandrowicz et al., 2011; Chandran et al., 2005; Kaletsky et al., 2007; Schornberg et al., 2006) . These enzymes cleave GP, priming it for the conformational changes that will fuse viral and endosomal membranes (Chandran et al., 2005; Dube et al., 2009; Kaletsky et al., 2007; Schornberg et al., 2006; Wong et al., 2010) . Cleavage also makes GP competent to interact with the essential host entry factor Niemann-Pick type C 1 protein (NPC-1) (Carette et al., 2011; Cote et al., 2011) . A putative fusion peptide located at residues 524-539 within GP2 has been identified and is important for viral-host cell membrane fusion (Ito et al., 1999) . While low pH and cathepsin cleavage are required for fusion to occur, neither alone is sufficient to trigger fusion (Bale et al., 2011) .
Many cellular factors have been implicated as potential receptors for the virus, some of which likely function as attachment factors while others may be required for subsequent steps (Table 2) . Cell surface lectins are potential attachment factors that may contribute to efficient infection of macrophages and DCs, as some are highly expressed on these cells Geisbert et al., 2003b Geisbert et al., , 1992 Schnittler and Feldmann, 1998) . For example, the C-type lectin DC-SIGN is expressed on DCs, subsets of macrophages and other cell types. DC-SIGN and the related DC-SIGNR can bind, likely through high mannose carbohydrates on GP, EBOV and MARV GP and promote infection (Lin et al., 2003; Marzi et al., 2007; Simmons et al., 2003) . Other C-type lectins may also contribute to virus entry. For example, human macrophage galactose-and N-acetylgalactosamine-specific C-type lectin (hMGL), which is also present on macrophages and DCs, was also shown to promote EBOV infection . hMGL interaction with GP requires the GP mucin-like domain, however the mucin-like domain is not required for viral entry (Hood et al., 2010; Kaletsky et al., 2007) . LSectin is another lectin that can bind GP, although its specificity is for N-acetyl-glucosamine (Dominguez-Soto et al., 2007; Gramberg et al., 2005 Gramberg et al., , 2008 . How the abundance of these various factors influences permissiveness of specific cell types, including macrophages and DCs, remains to be fully evaluated.
Other receptors and entry factors might also contribute to APC infection. T cell immunoglobulin mucin-1 (TIM-1), a recently discovered receptor for EBOV entry, is expressed on some, but not all permissive cells (Kondratowicz et al., 2011) . TIM-1 is part of a family of TIM proteins that regulate T cell activation, tolerance and removal of apoptotic cells (Kobayashi et al., 2007; Rodriguez-Manzanet et al., 2009 ). Interestingly, TIM-1 is not expressed at appreciable levels on macrophages, but may be expressed on DCs (Kobayashi et al., 2007; Xiao et al., 2011) . In contrast, a related protein, TIM-4, is expressed on DCs and macrophages (Kobayashi et al., 2007) . Both TIM-1 and TIM-4 can bind phosphatidylserine, allowing them to interact with apoptotic bodies (Kuchroo et al., 2008) . Given the functional and structural similarity between TIM-1 and TIM-4 and the presence of cell-surface TIM-4 on macrophages, TIM-4 is also a candidate EBOV entry factor for APCs.
As noted above, NPC-1 has also been demonstrated to be a host factor required for filovirus entry. Although NPC-1 is ubiquitously expressed, NPC-1 is expressed at different levels in different tissues, with high expression in the liver (Garver et al., 2005) . Therefore, it is possible that expression levels may influence tropism of filoviruses toward different tissues or cells types. Questions that might be asked in this regard include whether different stimuli can change NPC-1 levels in APCs, whether such changes affect filovirus entry efficiency and how well NPC-1 levels correlate with filovirus tropism in vivo.
As noted earlier, some studies suggest that EBOV replicates in both monocytes and macrophages (Stroher et al., 2001) , and studies using GP-pseudotyped lentiviruses suggest that primary human monocytes are significantly less permissive for GP-mediated entry than are primary human macrophages (Yonezawa et al., 2005) . Similar results have been obtained when EBOV VLPs are used to infect monocytes or DCs (Martinez and Basler, unpublished observation) . This may be due to a difference in binding of virus to a cell surface receptor, since the human monocytic line THP-1 was found to bind the EBOV GP receptor-binding domain (RBD) with lower efficiency as compared to differentiated THP-1 cells which exhibit a macrophage-like phenotype (Dube et al., 2008) . Enhanced infection of the macrophage-like cells was associated with increased adherence of the cells to a substrate, a property acquired as monocytes differentiate to macrophages. A number of non-adherent cells were found to be incompetent for GP-mediated entry, however, adherence correlates with permissiveness for entry (Dube et al., 2008) . In 293F cells, adherence also results in the upregulation of an RBD-binding activity on the cell surface (Dube et al., 2010) . The identity of this RBD-binding factor and its relationship for the permissiveness of monocytes versus macrophages for filovirus infection will be of interest.
The preferential tropism of EBOVs for macrophages and DCs versus monocytes may have important implications on the pathogenesis of infection. Circulating monocytes attracted by chemokines to a focus of inflammation will extravasate from the blood into the inflamed tissue. Once in the tissue, monocytes would likely differentiate into either macrophages or DCs enabling more efficient infection by EBOV. It would therefore be important to determine whether inhibiting the differentiation, trafficking or development of monocytes would impact the pathogenesis of EBOV infection.
The apparent block to ZEBOV replication in plasmacytoid DCs (pDCs) also appears to be at the level of cell entry (Leung et al., 2011a) . This also has implications for viral pathogenesis because pDCs have the capacity to produce large amounts of the antiviral cytokine IFNa in response to infection (Reizis et al., 2011) . That there was a block to infection was, in fact, first suggested by the observation that addition of infectious Zaire EBOV to primary pDCs purified from human blood did not induce enhanced IFNa production (Leung et al., 2011a) . Experiments comparing viral protein synthesis in cDCs versus pDCs then demonstrated robust viral protein production in the conventional DCs, but no newly synthesized viral protein was detected by western blot in the virus-exposed pDCs. Entry assays, performed with EBOV virus-like particles, indicated that EBOV GP is unable to successfully mediate entry into pDCs, although binding of the EBOV VLPs to the surface of cDCs and pDCs was comparable (Leung et al., 2011a) . This suggests that the resistance to infection is downstream of cell surface binding. Perhaps strategies could be identified that would overcome this block, resulting in enhanced IFNa production and suppression of virus replication.
Consequences of APC infection with filoviruses
Given that macrophages and DCs are major targets of filoviruses in vivo, and that these cells normally function in defense against pathogens, understanding how these cells respond to filovirus infection is of obvious interest.
Macrophage and monocyte responses
Infection of monocytes or macrophages with replication competent EBOV or MARV results in cytokine and chemokine production as early as 3-6 h post-infection (Gupta et al., 2001; Hensley et al., 2002; Stroher et al., 2001) . Inactivated viruses also induce cytokines/chemokines ( (Hensley et al., 2002; Stroher et al., 2001 ). Recent microarray analyses confirm and expand upon these observations, demonstrating the early upregulation of 88 cellular genes in primary human macrophages in the first six hours after infection (Wahl-Jensen et al., 2011) . Among the upregulated genes were inflammatory cytokines including chemokines. Ebola viruslike particles (VLPs) elicited similar responses to live virus, providing the VLPs possessed GP (Stroher et al., 2001; Wahl-Jensen et al., 2011) . Therefore, these early macrophage proinflammatory responses do not require virus replication but do require GP, although the mechanism by which GP exerts these effects is not well defined. In contrast, sustained cytokine production (over the course of 48 h and longer) only occurs with live virus infection, suggesting that this sustained response requires virus replication (Gupta et al., 2001; Hensley et al., 2002) . Interestingly, most in vitro studies of EBOV-infected monocytes, macrophages or PBMC report little IFNab response in the infected cultures (Gupta et al., 2001; Stroher et al., 2001) . Even in the one study in which significant IFNa was present, viral titers increased significantly after IFNa was detected (Hensley et al., 2002) . This suggests a model in which filoviruses effectively counter antiviral innate immunity by suppressing the IFNab responses. As discussed below, this suppression occurs both at the level of IFNab production as well as cellular responses to exogenous IFNs. This would allow sustained replication in macrophages, resulting in ongoing secretion of chemokines and cytokines.
Because the in vitro cytokine response of macrophages correlates with in vivo manifestations of infection, where macrophages are major targets of infection and disease is characterized by excessive cytokine responses, it has been proposed that macrophages are major sources of inflammatory responses in filoviral HF (Bray and Geisbert, 2005) . To evaluate this model directly, additional in vitro, ex vivo and in vivo studies could be performed. For example, few studies examining macrophage cytokine responses to infection have determined what percentage of cells are infected at different time points post infection, and studies to determine whether the cells that are actually infected are the major source of cytokines have not been published. Given that either virus or VLPs trigger rapid cytokine responses that could activate nearby cells, bystander effects of infection could significantly contribute to the inflammatory response. Specific cell types in infected animals could be characterized in more detail to define whether macrophages are in fact major sources of cytokines in vivo. Whether other cell types also contribute to the overall response in vivo and whether the cytokine-producing cells are infected, as indicated by the presence of viral nucleic acid or viral antigen, could also be determined.
EBOV infection is associated with disseminated intravascular coagulation (DIC), a syndrome in which coagulation is activated in a manner that leads to consumption of coagulation factors, production of microthrombi and ultimately to bleeding (Levi and Ten Cate, 1999) . Tissue factor (TF) is a member of the cytokine receptor family that activates coagulation cascades during DIC (Levi and Ten Cate, 1999; Ruf, 2004) . Studies in NHPs demonstrated coagulation abnormalities and fibrin deposition, which occurs due to activation of coagulation, during the course of EBOV infection (Geisbert et al., 2003c) . Fibrin deposition was associated histologically with monocytes/macrophages in the tissues of infected animals. TF mRNA and protein were also associated with infected PBMCs and with macrophages in infected tissues. In vitro, monocytes and macrophages also produced TF mRNA and protein following infection with EBOV Treatments designed to either block TF function or otherwise 
reduce coagulation have therapeutic benefit in infected NHPs, demonstrating the importance of this pathway for pathogenesis (Geisbert et al., 2003a; Hensley et al., 2007) . There are multiple mechanisms by which TF expression can be upregulated, including by cytokines, but the available data suggest upregulation is induced directly by EBOV infection (Geisbert et al., 2003c) . As with cytokine studies, it would be of interest to define the mechanisms by which filoviruses trigger TF expression. Such studies may suggest new strategies to reduce DIC during infection.
DC responses
Some studies suggest a different outcome for infection of DCs as compared to macrophages. For example, in a study by Hensley et al., little inflammatory cytokine secretion was detected following EBOV-infection of DCs whereas an EBOV-infected mixed monocyte/macrophage cell culture produced significant levels of cytokines (Hensley et al., 2002) . Although both DC and macrophage/monocyte APCs are productively infected by EBOV, this study reveals an intriguing difference in the DC versus macrophage responses to infection. In studies that examined DC function following ZEBOV infection, the virus induced relatively little cytokine production and little to no IFNab Mahanty et al., 2003) . Instead of effectively activating DCs, EBOV infection induced ''aberrant'' DC maturation, evidenced by upregulation of cell surface CD40 and CD80, only small increases in CD86 and HLA-DR, an absence of CD11c and CD83 upregulation and a failure to decrease CCR5 . EBOV infection also inhibited the ability of DCs to stimulate T cell proliferation Mahanty et al., 2003) . Based on these observations, it has been argued that EBOV suppression of DC function prevents initiation of adaptive immune responses and facilitates uncontrolled, systemic virus replication (Bray and Geisbert, 2005) .
Activation of macrophages and DCs by VLPs
As noted above, filoviral VLPs possessing the GP and VP40 can be used to assess the earliest interactions of cells and virus. The infection of macrophages with ZEBOV VLPs results in upregulation of a number of cellular genes including genes for chemokines and cytokines produced during ZEBOV infection in vivo (Wahl-Jensen et al., 2011 , 2005a ). Several studies demonstrate that ZEBOV VLPs efficiently stimulate DCs to secrete inflammatory cytokines such as IL-6, IL-10, macrophage inflammatory protein (MIP)-1, TNF-alpha, IL-8, IL-6 and IL-12 and to upregulate MHC I, MHC II, CD86, CD80 and stimulating T cells (Bosio et al., 2004; Martinez et al., 2007; Warfield et al., 2003 Warfield et al., , 2007 Ye et al., 2006) . The presence of EBOV GP on the VLPs is important for the DC response, as VLPs made by expressing VP40 alone do not stimulate DCs (Bosio et al., 2004; Martinez et al., 2007; Wahl-Jensen et al., 2011; Ye et al., 2006) . VLPs have been demonstrated to stimulate the MAPK and NF-jB signaling pathways as well as cytokine secretion from DCs, and this requires the highly glycosylated mucin-like domain of GP Okumura et al., 2010) . Taken together, these studies suggest that EBOV GP is sufficient to elicit the activation of DCs, and this may promote the efficacy of VLPs as vaccines. This type of response, however, differs from the situation with actual virus, which, as described above, does not stimulate DCs effectively. The implication is that virus replication results in production of factors that suppress DC maturation and function. Interestingly, inactivated EBOV also did not stimulate sustained macrophage or DC cytokine secretion, and did not upregulate costimulatory marker upregulation in DCs and did not stimulate DCs to activate T cells Gupta et al., 2001; Hensley et al., 2002; Mahanty et al., 2003) . EBOV particles inactivated with gamma irradiation possess additional components, including RNA and several viral proteins that are not present in VLPs. Whether particular components of the inactivated virus particle arrest DC stimulation remains to be determined. It will also be important to determine whether inactivated virus and VLPs have comparable efficiencies of entry. Whether differences in the content of cellular factors present in VLPs and inactivated virus might account for differences in cellular responses is also of interest.
The mechanisms by which macrophages and DCs recognize and respond to VLPs and virus remain to be fully defined. Pattern recognition receptors respond to pathogen associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) and activate cellular responses to these stimuli. Defining VLP and filovirus-associated PAMPs, the PRRs that recognize them and signaling pathways modulated by them will provide insight into mechanisms which influence VLP vaccine efficacy and may suggest ways to modulate host responses so as to mitigate the impact of virus infection in vivo.
GP is required for macrophage and DC responses to VLPs, and removal from GP of the heavily glycosylated mucin-like domain from GP significantly attenuated DC responses to VLPs, despite the fact that the mucin-deleted GP still mediates efficient entry into cells Wahl-Jensen et al., 2011) . The responses elicited include cytokine and chemokine secretion, activation of MAP kinase and NF-jB signaling pathways and activation of a number of cellular transcription factors . The fact that the mucin domain is required for activation of MAP kinase and NF-jB signaling but not for entry suggests that it is not the entry process itself that triggers signaling. Rather GP is somehow involved, either directly or indirectly, in triggering the host cell responses.
GP has pleiotropic effects on host cells which might contribute to the effects of virus and VLPs on macrophage and DC function. These include the induction of MAPK and other signaling pathways Zampieri et al., 2007) . GP also masks surface molecules, including class I MHC and beta integrins, which may influence the ability of infected cells to trigger immune responses (Simmons et al., 2002; Reynard et al., 2009; Francica et al., 2010; Takada et al., 2000) . GP also promotes the cell-rounding, detachment, and eventual cytotoxicity in certain adherent cell types (Francica et al., 2009; Ray et al., 2004; Sullivan et al., 2005; Yang et al., 2000) . Importantly, GP was demonstrated to activate an NF-jB-responsive reporter gene in HEK293 cells expressing TLR4, but not cells lacking TLR4; the TLR4-dependent response was dependent upon the mucin-like domain (Okumura et al., 2010) . Induction of cytokine and IFNb mRNA in the human monocytic cell line THP-1 was also dependent upon the presence of the mucinlike domain. Consistent with a model in which GP activates TLR4, the two proteins can be co-immunoprecipitated (Okumura et al., 2010) . These data point to TLR4 as a PRR for detection of filovirus GP, although a role for other PRRs in the APC response to VLPs has not been excluded. It would be of interest to determine the response of TLR4-deficient macrophages and DCs to VLPs and filovirus infection. In vivo studies examining the interaction of TLR4-deficient mice to VLP vaccination and filovirus infection will also be of interest.
Filoviruses counter the innate antiviral IFN response
A number of studies have documented the relative lack of IFNab production by infected macrophages, DCs and other cells Gupta et al., 2001; Harcourt et al., 1998; Hartman et al., 2008b; Mahanty et al., 2003) . The absence of IFNab production and the ability of filoviruses to also block cellular responses to exogenously added IFNab likely helps to sustain virus replication in these cells, promoting cytokine secretion by macrophages.
Because the cellular signaling pathways that trigger IFNab production and the pathways activated by exogenously added IFNab have each been implicated in DC maturation, the filoviral mechanisms that block these pathways could contribute to the inhibition of DC maturation and function, thereby promoting suppression of adaptive immune responses.
Normally, production of IFNab by these APCs and the subsequent induction of interferon stimulated genes (ISGs) are typical early responses to viral infection. Recognition of the singlestranded RNA genomes of negative-stranded viruses, such as those of filoviruses, can be mediated by TLRs in the plasma membrane or endosomes, or by RIG-I like receptors (RLRs) in the cytosol, which detect the viral RNA produced after virus entry and replication (reviewed in Baum and Garcia-Sastre, 2010) . These independent pathways result both in the phosphorylation and activation of the transcription factors IRF3 and/or IRF7, which in combination with other transcription factors create a transcription complex that binds to IFNab gene promoters and leads to IFNab expression. In the case of negative-strand RNA virus infection of cDCs, IFN production is currently thought to result largely from the recognition of cytosolic viral RNA by RIG-I, ultimately leading to the activation of TBK1/IKKe. These kinases in turn phosphorylate the transcription factor IRF3 and/or IRF7.
Filovirus VP35 inhibits IFN production
Cells infected with wild-type EBOV or MARV do not exhibit upregulated expression of IFN-inducible genes (Hartman et al., 2008b; Kash et al., 2006) . This can be accounted for, at least in part, by the fact that filoviruses interfere with cellular IFNab production through the function of their VP35 protein (Basler et al., 2003; Basler et al., 2000; Gupta et al., 2001; Harcourt et al., 1998; Hartman et al., 2008a) . VP35 is a multifunctional viral protein, which in addition to acting as an IFN-antagonist, plays roles as a structural protein and as an essential component of the viral RNA polymerase complex, where it interacts with the viral nucleoprotein and the catalytic subunit of the viral polymerase, the L protein (reviewed in Basler and Amarasinghe, 2009 ). Several mechanisms have been identified by which VP35 can inhibit induction of IFNab responses. VP35 has been demonstrated to inhibit the RIG-I signaling pathway (Cardenas et al., 2006) . The RIG-I pathway plays a critical role in inducing IFNab production in response to a number of RNA viruses and can be activated by RNA extracted from EBOV-infected cells, suggesting its relevance to EBOV infection (Habjan et al., 2008) . Inhibition of RIG-I would prevent activation of IRF-3 and impair induction of IFNab gene transcription (Basler et al., 2003; Basler et al., 2000; Cardenas et al., 2006; Hartman et al., 2008a) . In addition, VP35 has been demonstrated to interact with the kinases IKKe and TBK1, which lie downstream of RIG-I and are required for IRF-3 activation in most cells. This interaction can disrupt kinase-IRF-3 or IRF-7 interaction, and prevent the phosphorylation required to activate the transcription factors (Prins et al., 2009 ). In addition, VP35 has been found to promote SUMOylation of IRF-7, impairing its ability to stimulate transcription (Chang et al., 2009) . Finally, VP35 is a dsRNA binding protein, and the ability of VP35 to bind dsRNA appears to be required for its full anti-IFNab function (Cardenas et al., 2006; Kimberlin et al., 2010; Leung et al., 2009; Leung et al., 2010) . Specifically, point mutations which disrupt VP35 dsRNA binding activity substantially impair VP35 inhibition of IFNab responses without significantly affecting VP35's ability to function as a component of the viral RNA polymerase machinery (Hartman et al., 2008a; Leung et al., 2010; Prins et al., 2010) .
These data may be explained by the ability of VP35 to sequester dsRNA molecules produced during the course of infection, preventing their recognition by RIG-I ). However, this does not exclude other possible mechanisms. The identification of mutant VP35s with defects in function has allowed the study of their function in the context of virus replication. Such studies clearly demonstrate a critical role for VP35 in viral replication and pathogenesis in mice (Hartman et al., , 2008a and guinea pigs (Prins et al.) . Because NHPs mimic severe human disease better than do rodent models, it will be important to verify the importance of VP35 IFN-antagonist activity in NHP models as well.
VP35 can suppress IFN production in macrophages and cDCs. Using recombinant Venezuelan equine encephalitis virus replicon particles (VRP) that express VP35, VP35 expression was demonstrated to completely inhibit secretion of IFNa as compared to a VRP encoding GFP . Similar results were obtained with a system in which VP35 was expressed from a negative-strand RNA virus, the paramyxovirus Newcastle disease virus (NDV). When infected with a NDV that expresses luciferase, cDCs and monocyte-derived macrophages respond with robust IFNab production, and express several interferon-induced genes (ISGs) (Leung et al., 2011b) . In contrast, cDC and macrophages infected with NDV encoding VP35 produce much less IFNab. Interestingly, in addition to inhibiting the production of IFN, VP35 expressed in the context of NDV also inhibits TNFa production in cDC (Leung et al., 2011b) . This is consistent with studies performed in cells other than APCs. For example, a significant increase in expression of genes related to IFNab responses as well as an increase in the chemokine RANTES was noted in the liver cell line HepG2 infected with a ZEBOV bearing a mutation that disrupts dsRNA binding and VP35 IFN-antagonist function, (Hartman et al., 2008b) . The extent to which VP35 may modulate expression of other cytokines and chemokines in the context of actual filovirus-infected APCs remains to be defined, but could be addressed by using VP35-mutant viruses.
The RIG-I pathway likely serves as a major activator of cDC maturation in response to non-segmented negative-strand RNA virus infection (Lopez et al., 2006) . Therefore, viral proteins such as VP35 that inhibit RIG-I signaling may effectively inhibit this process. Whether the RIG-I-inhibitory function of VP35 can fully account for the aberrant activation of EBOV-infected DCs remains to be determined. Experiments using herpes simplex virus type 1 (HSV-1) recombinants that either express or do not express VP35 support a role for VP35 in inhibition of cDC cell surface marker upregulation and inhibition of IL-6, IL-12, TNFa and IFNab production. This study also used expression of VP35 from lentiviral vectors to demonstrate that VP35 can also impair LPS-induced CD80 and CD86 upregulation and cytokine expression (Jin et al., 2009) . In this experiment, a mutant VP35 lacking dsRNA binding activity functioned like wild-type VP35, consistent with a model in which VP35 can inhibit IFN responses independently of dsRNA and independently of the RIG-I signaling pathway (Chang et al., 2009; Jin et al., 2009; Leung et al., 2010) . Whether the pathways that activate DCs in response to the large DNA virus HSV-1 accurately mimic the pathways activated by filoviruses remains to be determined, and the relevance of VP35 inhibition of TLR signaling to actual filovirus infection also remains to be demonstrated. However, given the results obtained with the HSV-1 based system, the impact of VP35 upon DC maturation and function should be investigated in the context of infection with wild-type and VP35-mutant filoviruses.
Inhibition of the pDC IFNa response
In contrast to what was seen in cDCs and macrophages, when the EBOV VP35 protein was delivered to pDCs via a recombinant NDV, it was ineffective at countering pDC IFNa production. The induction of IFNa in this system is TLR7-dependent. Consistent with the induction of IFNa by NDV-VP35, VP35 did not detectably inhibit signaling by a TLR7 signaling system reconstituted in 293T cells (Leung et al., 2011a ). However, as described above, EBOV fails to enter and activate pDCs, at least in vitro (Leung et al., 2011a) . Failure to trigger an early pDC IFNa response in vivo may therefore facilitate the systemic dissemination of EBOV in infected individuals.
Filoviruses inhibit IFN signaling
IFNs (IFNab or IFNc) signal through the IFNab or IFNc receptors, respectively, to activate Jak-STAT signaling cascades, turning on hundreds of genes and inducing an antiviral state. In addition to inhibiting the production of IFNab from infected cells, filoviruses also encode mechanisms that can prevent infected cells from responding to exogenously added IFNs (Harcourt et al., 1998 (Harcourt et al., , 1999 Kash et al., 2006; Valmas et al., 2010) . This has the obvious potential to block the antiviral effects of IFNs, potentially allowing the virus to replicate in APCs and other cells. In addition, IRF-7 is an IFNab-induced gene, and its upregulation primes cells to produce more IFNa in response to infection. By impairing IFN signaling, the viruses may therefore indirectly suppress IFNab production as well. Finally, IFNab has numerous effects on immune cells, including the macrophages and DCs that are targets of filovirus infection. For example, IFNab can promote monocyte differentiation into DCs, modulate macrophage cytokine production and promote the maturation of immature DCs such that they exhibit enhanced ability to stimulate CD8 T cell responses (reviewed in Hervas-Stubbs et al., 2011) . Therefore, inhibiting IFN signaling may suppress the maturation or activation of infected macrophages and DCs.
For EBOV, inhibition of IFN-triggered signaling has been attributed to the ability of VP24 to bind to karyopherin-a1 (KPNA1), the nuclear localization signal receptor for activated STAT1 (Reid et al., 2006 (Reid et al., , 2007 . This prevents the nuclear transport of STAT1 heteroand homodimers mediated by a subset of the cellular karyopherin-a (KPNA) nuclear transport factor family, and the ensuing expression of IFN-induced antiviral genes. Mutations in VP24 that attenuate binding to karyopherin reduce the ability of VP24 to inhibit STAT1-dependent reporter activity (Mateo et al., 2010) .
In addition to inhibiting STAT1 translocation, the VP24 interaction with the C-terminal region of KPNAs could also impact the nuclear import of other proteins. In an attempt to determine if VP24 has a larger role in altering the interaction between KPNAs and cellular proteins, a proteomics study was performed to identify additional KPNA-dependent cargo whose nuclear import might be affected by VP24 (Shabman et al., 2011) . Co-immunoprecipitation studies demonstrate that hnRNP C1/C2 interacts with multiple KPNA family members. Interaction with hnRNP C1/C2 occurs through the same KPNA1 C-terminal region (amino acids 424-457) that binds VP24 and phospho-STAT1. The ability of hnRNP C1/C2 to bind KPNA1 is diminished in the presence of VP24, and cells transiently expressing VP24 redistribute hnRNP C1/C2 from the nucleus to the cytoplasm. These data demonstrate that the impact of EBOV VP24 upon nuclear import extends beyond STAT1. However, the effect of these functions of VP24 upon normal APC function has not been examined but will be an area of future investigation.
For MARV, the VP40 protein carries an IFN-antagonist function (Valmas and Basler, 2011; Valmas et al., 2010) . When IFNab is added to MARV-infected cells, the normal phosphorylation of STAT1 and STAT2 is abrogated, resulting in an absence of IFN responses (Kash et al., 2006) . The loss of STAT phosphorylation correlates with an absence of activation of receptor-associated Jak family tyrosine kinases. Expression of the MARV VP40 is sufficient to recapitulate these phenotypes. Current data suggest that it targets Jak1 function, although this may occur indirectly, through interaction with other cellular factors. Jak1 associates with a variety of cellular growth factor and cytokine receptors, and MARV VP40 was demonstrated to inhibit phosphorylation of STAT1 and STAT3 in response to IL-6 (Valmas et al., 2010) . Therefore, the impact of MARV VP40 upon cellular signaling pathways could extend beyond IFN-induced antiviral responses.
12. An APC-centric view of filoviral HF Ultimately, it will be necessary to integrate the various mechanisms which influence APC-filovirus interactions into pathogenesis in vivo. A model, similar to what has been proposed by others (Bray, 2005) , that incorporates available data and which places APCs as the heart of filoviral pathogenesis is illustrated by Fig. 1 . In this model, filovirus infection is postulated to usurp normal APC function in order to establish a feedback loop that, if not broken, leads to unfettered virus production and hemorrhagic fever.
Filoviruses presumably first encounter APC targets early in the infection process. Infected APCs are thought to actively produce infectious virus and help disseminate the virus by trafficking to secondary lymphoid organs such as the spleen. Secreted chemokines from EBOV-infected monocyte/macrophages, such as MIP1a, presumably recruit APCs to the site of inflammation enabling further APC infection. Furthermore, growth factors normally secreted during inflammation may play a role in stimulating the production of new leukocytes from the bone marrow providing further targets of EBOV infection. Macrophage colony-stimulating factor (M-CSF), which stimulates stem cells to differentiate into macrophages, as well as other related cell types, was found at higher levels in individuals that eventually succumbed to EBOV infection as compared to survivors, while granulocyte macrophage colonystimulating factor was found at similar levels (Wauquier et al., 2010) . Furthermore, EBOV infection is associated with lymphopenia and the production of immature and atypical leukocytes from the bone marrow (Geisbert and Hensley, 2004) .
On the other hand, in vitro filovirus-infected DCs are productively infected and functionally deregulated, unable to upregulate co-stimulatory molecules or stimulate lymphocytes, especially naïve T cells. Lymphocytes, in effect, lose the support of the APC most potent at stimulating naïve lymphocyte activation and development. This might contribute to the massive lymphocyte apoptosis consistently seen in both human and nonhuman primate EBOV infections (Geisbert et al., 2000 (Geisbert et al., , 2003b Mahanty et al., 2003; Wauquier et al., 2010) .
Inflammatory cytokines further amplify the recruitment of newly formed APCs by affecting the vasculature of the infected individual. For example TNFa activates endothelial cells leading to the upregulation of E-selectin, ICAM-1 or VCAM-1 (Wahl-Jensen et al., 2005b) which are important in facilitating chemotaxis and extravasation of immune cells across endothelial cells. The initial infection presumably localizes the secretion of inflammatory cytokines where proximal endothelial cells facilitate recruitment of leukocytes including APCs (Vestweber, 2002) . Therefore, chemokines secreted by infected APCs may attract more APCs to extravasate from the blood into the inflamed tissue; and this feedback loop, unless broken leads to the productive infection of more APCs.
Unchecked virus replication and concomitant inflammatory cytokine production is thought to promote endothelial leakage and shock (Aleksandrowicz et al., 2008) . This may occur due to the effects of specific viral gene products. For example, endothelial cells bind EBOV GP pseudotyped viral particles and can be infected by EBOV (Yang et al., 1998) , and it has been proposed that the EBOV glycoprotein is a determinant of vascular cell injury (Yang et al., 2000) . It has also been shown that GP-expressing VLPs bind and disrupt the host endothelial barrier function (Wahl-Jensen et al., 2005b) . Interestingly, the secreted glycoprotein sGP facilitates recovery of the endothelial barrier after it has been disrupted by TNF-a (Falzarano et al., 2007; Wahl-Jensen et al., 2005b) . However, other studies suggest that EBOV infection of endothelial cells does not cause significant endothelial cell death and that endothelial cell infection occurs only late in the course of infection (Geisbert et al., 2003d) . Furthermore, researchers studying tissues from fatal cases of filovirus HF from the initial outbreaks in 1967 and 1975 were not able to identify any vascular lesions (Gear et al., 1975) . Further studies using non-human primates did not find significant destruction of the vascular endothelium (Geisbert et al., 2003d) . However, supernatants from filovirus-infected monocytes/macrophages or soluble mediators such TNF-a plus IFN-c can cause disruption of an in vitro endothelial barrier (Aleksandrowicz et al., 2008; Feldmann and Klenk, 2004) linking APC response to infection with endothelial cell leakage (Feldmann et al., 1996) . Taken together, the unchecked production of EBOV expressing GP and the secretion of inflammatory cytokines potentially disturb the balance of fluid volume distributed between vasculature and the interstitium Schnittler and Feldmann, 2003) . Moreover, the release of nitric oxide from infected monocytes/macrophages and endothelium (Sanchez et al., 2004 ) may further disturb this vasculature homeostasis. Fig. 1 . Mucous membrane associated antigen-presenting cells (APCs) provide the initial targets for filovirus infection. Infected and deregulated macrophages are major targets of infection, producing progeny virus and secreting factors conducive to the recruitment of more targets for infection. Secreted growth, chemotactic and proinflammatory factors increase monocyte production, migration and extravasation into the inflamed tissue where they differentiate into highly permissive APCs. At the same time, the proinflammatory response promotes vascular permeability and tissue factor expression on macrophages which promotes disseminated intravascular coagulation.
Further defining the contribution of APCs to filoviral pathogenesis in humans and non-human primates
Ultimately, this and similar models of filoviral pathogenesis, require validation in animal models. Relatively straightforward experiments could test the functional status of APCs in infected animals through intracellular or extracellular staining for EBOV gene products and cellular factors (e.g. cytokines). Ideally, such experiments would quantify the frequency of infection of different APC types and the cytokines secreted by different cells types. Isolation of in vivo infected APCs and testing their ability to process antigen and stimulate an EBOV antigen-specific response ex vivo would provide a more clear understanding their functional status and allow comparison to studies performed in cells infected in vitro. Given the copious production of cytokines, chemokines and possibly viral products, it is possible that APCs and other immune cells that are not directly infected will exhibit altered function. Therefore, it will also be important to assess the functional status of uninfected APCs and lymphocytes from the same infected animals. For example, it might prove fruitful to assess the ability of T cells to respond to either allo-or superantigens from competent non-infected MHC-compatible or incompatible APCs. Such studies would not only inform our understanding of APCs but also better describe the status of the adaptive immune response. This is particularly important in NHPs, which most closely mimic severe human infections. Functional T cells have been shown to be present in EBOV-infected mice (Bradfute et al., 2008) . Hopefully, by more precisely defining filovirus-APC interactions from the molecular perspective and the contribution of these interactions to pathogenesis in vivo, new specific and precisely targeted therapeutic interventions can be designed.
Are filovirus-APC interactions different in reservoir hosts?
Substantial evidence points to bats as filovirus reservoirs. They support filovirus replication but do not exhibit symptoms of disease following experimental inoculation (Swanepoel et al., 2007) . Live MARV has been isolated from Rousettus aegyptiacus bats from a cave which was the site of several human infections, and viral genetic material was also detected in Hipposideros species bats (Towner et al., 2009 ). In addition, the genome of a novel EBOV, Lloviu virus (LLOV), has been found in Schreiber's long-fingered bats (Miniopterus schreibersii) (classified as a microbat) in Spain (Negredo et al., 2011) . Finally, Myotis lucifugus and Myotis velifer incautus (both microbats) possesses integrated homologs of filoviral genes in their genomes, suggesting at least historical infection with filoviruses (see below) (Belyi et al., 2010) .
It has long been thought that the natural reservoir hosts of these viruses cannot be as susceptible to lethal infection as are many primates, otherwise filoviruses could not persist in nature. The basis by which reservoir hosts, such as bats, are able to serve as filovirus reservoirs and presumably avoid lethal infection is therefore a question at the heart of filovirus biology. Understanding how filoviruses interact with the innate and adaptive immune systems of reservoir hosts, including the APCs of reservoir hosts, is therefore important. Specific questions that could be asked include whether filoviruses infect and replicate in reservoir host APCs in vivo, whether they elicit different responses in reservoir host APCs as compared to human APCs and whether the potency of innate immune evasion mechanisms differs in reservoir hosts as compared with primate cells. It is possible that filoviruses have evolved to a relatively symbiotic relationship with bats, such that suppression of innate immunity is sufficient to maintain infection and virus transmission to new individuals but is not as absolute as in species that develop HF. Such studies in bats will be complicated by the potential diversity of species that may serve as hosts (bats, which are classified in the Order Chiroptera, account for about 20 percent of all mammalian species). In addition there is a need to develop reagents that can be used in relevant bat species. In this regard, bats are of increasing interest to the research community, because they are likely reservoirs of a number of other emerging zoonotic viruses including the SARS coronavirus, other coronaviruses, rabies viruses, novel lysaviruses, astroviruses and adenoviruses (Bennett, 2006) . Because of their prominence as hosts of zoonotic viruses, efforts have begun to characterize the innate and adaptive immune responses of various bats (e.g. Fujii et al., 2010; He et al., 2010; Kepler et al., 2010; Omatsu et al., 2008) . In the long run, studies that compare virus-host APC interactions in reservoirs hosts versus humans will shed significant new light on the molecular determinants of pathogenesis.
